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ABSTRACT 
Arsenic and antimony are highly toxic to humans, animals and plants. Incorporation in alunite, 
jarosite and beudantite group minerals can immobilize these elements and restrict their 
bioavailability in acidic, oxidizing environments. This paper reviews research on the magnitude and 
mechanisms of incorporation of As and Sb in, and release from, alunite, jarosite and beudantite 
group minerals in mostly abiotic systems. Arsenate-for-sulfate substitution is observed for all three 
mineral groups, with the magnitude of incorporation being beudantite (3-8.5 wt. % As) > alunite 
(3.6 wt. % As) > natroalunite (2.8 wt. %) > jarosite (1.6 wt. % As) > natroalunite (1.5 wt. % As) > 
hydroniumalunite (0.034 wt. % As). Arsenate substitution is limited by the charge differences 
between sulfate (-2) and arsenate (-3), deficiencies in B-cations in octahedral sites and for 
hydroniumalunite, difficulty in substituting protonated H2O-for-OH- groups. Substitution of 
arsenate causes increases in the c-axis for alunite and natroalunite, and in the c- and a-axes for 
jarosite. The degree of uptake is dependent on, but limited by, the AsO4/TO4 ratio. Aerobic and 
abiotic As release from alunite and natroalunite is limited, especially between pH 5 and 8. Release 
of As is also very limited in As-bearing jarosite, natrojarosite and ammoniumjarosite at pH 8 due to 
formation of secondary maghemite, goethite, hematite and Fe arsenates that resorb the liberated As. 
Abiotic reductive dissolution of As-bearing jarosite at pH 4, 5.5 and 7 is likewise restricted by the 
formation of secondary green rust sulfate, goethite and lepidocrocite that take up the As. Similar 
processes have been observed for the aerobic dissolution of Pb-As-jarosite (beudantite analogue), 
with secondary Fe oxyhydroxides resorbing the released As at pH 8. Higher amounts of As are 
released, however, during microbial-driven jarosite dissolution. Natural jarosite has been found to 
contain up to 5.9 wt. % Sb5+ substituting for Fe3+ in the B-site of the mineral structure. Sb(V) is not 
released from jarosite at pH 4 during abiotic reductive dissolution, but at pH 5.5 and 7, up to 75% of 
the mobilized Sb can be structurally incorporated into secondary green rust sulfate, lepidocrocite or 
goethite. Further research is needed on the co-incorporation of As, Sb and other ions in, and the 
uptake and release of Sb from, alunite, jarosite and beudantite group minerals, the influence of 
microbes on these processes and the long-term (>1 year) stability of these minerals. 
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INTRODUCTION 
Arsenic (As) and antimony (Sb) are two of the most toxic elements to humans and many 
biota (Sundar and Chakravarty 2010; Feng et al. 2013; Abdul et al. 2015). The risks posed by 
exposure to As and Sb can be mitigated by the precipitation of minerals and especially, those that 
are relatively insoluble and have low bioaccessibility. Alunite, jarosite and beudantite-group 
minerals form in oxidizing, low-pH conditions in a wide variety of environments, including mine 
wastes (Hudson-Edwards et al. 1999; Kocourková et al., 2011; Nieto et al. 2003), acid sulfate soils 
(Nordstrom 1982; Welch et al. 2007), saline lakes (Alpers et al. 1992) and sulfuric acid caves 
(D’Angeli et al. 2018). A significant body of work has been carried out to understand the capacity 
and mechanisms of uptake of As and Sb in, and release from, alunite, jarosite and beudantite-group 
minerals formed in these environments. The aim of this paper is to synthesize and review research, 
and to outline research gaps that should be filled by future work.  
 
MINERALS OF THE ALUNITE, JAROSITE AND BEUDANTITE GROUPS 
Minerals of the alunite supergroup have a general formula of AB3(TO4)2(OH)6. In the 
formula, A represents cations with a coordination number greater than or equal to 9, B represents 
cations in a slightly distorted octahedral coordination, and T represents cations with tetrahedral 
coordination (Kubisz 1964, 1970; Jambor 1999; Hawthorne et al. 2000; Fig. 1). Within the 
supergroup, the alunite group minerals contain more Al3+ than Fe3+, and jarosite group minerals 
contain more Fe3+ than Al 3+, in the B-site (Table 1). The A-site can be filled by univalent or 
divalent cations such as K+, Na+, H3O+, Ca2+, Sr2+, Ba2+ and Pb2+, but the most common 
substitutions are K+ (giving alunite and jarosite), Na+ (giving natroalunite and natrojarosite) and 
H3O+ (giving hydroniumalunite and hydroniumjarosite). When divalent cations substitute for 
monovalent cations, charge balance is maintained in the alunite-jarosite structure by creating A-site 
vacancies with replacement of two monovalent cations by one divalent cation (e.g., plumbojarosite), 
the incorporation of divalent cations in the B-site (e.g., beaverite), or the incorporation of trivalent 
anions in normally divalent anion sites (e.g., beudantite). The T site of alunite supergroup minerals 
is normally filled by S6+ in the sulfate anion SO42-, but can also be filled by As5+ in AsO43-, P5+ in 
PO43- and Si4+ in SiO2. The beudandite group contains both SO42- and AsO43- in the T site, Al3+, 
Fe3+ or Ga3+ in the B site, and Ba2+, Pb2+ or Sr2+ in the B site (Table 1). Solid solutions have been 
reported to exist between jarosite, plumbojarosite and beudantite (Sànchez et al. 1996).  
Minerals of the alunite supergroup have RM symmetry, and are formed by (SO4) 
tetrahedral - (MO6) octahedral sheets with [M3(OH)6(SO4)2] compositions, which are linked by 
interstitial cations and hydrogen bonds (Hawthorne et al. 2000; Fig. 1). Each of the octahedra are 
slightly distorted, and have four bridging hydroxyl groups lying in a plane with sulfate oxygens at 
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the apices. Three of the SO4 tetrahedra are coordinated to Fe octahedra, causing lowering of the SO4 
symmetry from Td to C3v (Jambor 1999; Becker and Gasharova 2001). The mineral structures often 
contain A- and B-site vacancies (Dutrizac and Jambor 2000), and ‘excess’, non-OH water, which is 
assumed to be in the form of hydronium (H3O+) that substitutes for K+ on the A-site (e.g. 
Ripmeester et al. 1986; Gale et al. 2010). 
 
 
 
FIGURE 1. Structure of minerals of the alunite-jarosite and beudantite groups, showing sites where 
AsO43- and Sb5+ substitute in the structure (see text for details).  
 
TABLE 1. Alunite, jarosite and beudantite family minerals reported to contain As and Sb as major 
and trace constituents. 
Mineral Formula 
Beudantite group minerals with As as a major component 
Beudantite PbFe3(AsO4)(SO4)(OH)6 
Gallobeudantite PbGa3(AsO4)(SO4)(OH)6 
Hidalgoite PbAl3(AsO4)(SO4)(OH)6 
Kemmlitzite SrAl3(AsO4)(SO4)(OH)6 
 
Alunite-jarosite group minerals with As as a trace component 
Alunite KAl3(SO4)2(OH)6 
Ammoniojarosite NH4Al3(SO4)2(OH)6 
Natroalunite NaAl3(SO4)2(OH)6 
Hydroniumalunite H3OAl3(SO4)2(OH)6 
Jarosite KFe3(SO4)2(OH)6 
Natrojarosite NaFe3(SO4)2(OH)6 
Plumbojarosite K(Pb,Fe)3(SO4)2(OH)6 
  
Jarosite and Beudantite group minerals with Sb as a trace component 
Jarosite KFe3(SO4)2(OH)6 
Beudantite PbFe3(AsO4)(SO4)(OH)6 
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UPTAKE OF ARSENIC IN ALUNITE-JAROSITE AND BEUDANTITE GROUP 
MINERALS 
Alunite minerals 
To the author’s knowledge, no papers have reported the occurrence of natural arsenical 
members of the alunite family. Arsenate-for-substitution in alunite, natroalunite and 
hydroniumalunite has been investigated experimentally (Sunyer and Viñals 2011a, b; Sunyer et al. 
2013; Luo et al. 2015). Hydroniumalunite takes only up 1 mole % (AsO4/SO4+AsO4) (0.034 wt. % 
As), possibly due to the difficulty in substituting protonated H2O-for-OH- groups in the structure 
due to blocking by H-bridges of the H3O (Sunyer et al. 2013). Arsenate substitution is much higher 
in alunite and natroalunite (up to 3.61 and 2.80 wt. % As, respectively) formed at pH 1 and 2.8-2.9, 
respectively, and 200 °C (Sunyer et al. 2013; Sunyer and Viñals 2011a). Luo et al. (2015) obtained 
a slightly lower maximum incorporation of arsenate in natroalunite, giving an approximate molar 
ratio of 11 (AsO4/SO4+AsO4) % at pH 3.00 and 200 °C. 
The degree of uptake of As in alunite and natroalunite is directly related to the AsO4/TO4 
ratio of the initial solution. Arsenical natroalunite precipitation is favoured at (AsO4/TO4)aq < 0.2 at 
200 °C. At higher (AsO4/TO4)aq, other arsenate phases such as alarsite (AlAsO4), mansfieldite 
(AlAsO4·2H2O) and natropharmacoalumite (NaAl4(OH)4(AsO4)3.4H2O) form (Sunyer and Viñals 
2011a). At 200 °C, the ratio of (AsO4/TO4) in the precipitated natroalunite was roughly equivalent 
to 0.5(AsO4/TO4)aq. Precipitation rates also increased with increasing temperature and AsO43- 
concentrations. Experiments in which gypsum was introduced at the outset resulted in an 
(Ca/Ca+Na) molar ratio of 4-6% Ca-for-Na substitution and arsenate-for-sulfate substitution.  
The degree of arsenate uptake in alunite was also dependent on (AsO4/TO4)aq, with the 
degree of substitution increasing as 0.5(AsO4/TO4)alunite ∼= 0.5(AsO4/TO4)aq (Sunyer et al. 2013). 
Arsenical alunite was the only phase to precipitate at (AsO4/TO4)aq < 0.26 at 200 °C; above this 
ratio mansfieldite co-precipitated.  
Viñals et al. (2010) precipitated a complex natroalunite 
(~(Na,Ca)(Al,Fe)3((S,As,P)O4)2(OH)6 at (Al/As)aq = 4.5) by reacting H2SO4-leached and ozoned 
calcium arsenate wastes produced from copper smelting at 180-200 C with sodium and aluminum 
sulfate reagents. At pH 2.8-2.9, the As substitution in the tetrahedral site was 7-8 mole % 
(AsO4/SO4+AsO4). The degree of substitution increased to a maximum molar ratio of 14% with 
decreasing (Al/As)aq, but mansfieldite also precipitated. Prior gypsum removal and As 
concentrations of 3.5-7.0 g/L were shown to not affect As incorporation or the nature of the As-
bearing phases formed. 
The effect of arsenate substitution on the alunite and natroalunite unit cell was investigated 
by Rietveld refinement. Sunyer and Viñals (2011b) showed that the c-parameter slightly increased 
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with arsenate for sulfate substitution due to differences between As-O and S-O distances in the 
tetrahedral site. In contrast, the a-parameter was unaffected by arsenate incorporation. The same 
findings for alunite were reported by Sunyer et al. (2013).  
 
Jarosite minerals 
Naturally-occurring arsenian jarosite has been observed in mine wastes (Acero et al., 2006; 
Hudson-Edwards et al. 1999, 2005; Kocourková et al., 2011; Savage et al. 2000; Filippi et al. 2015), 
with concentrations of As up to 2000 pm reported (Savage et al., 2000). Most insights into As 
incorporation mechanisms into jarosite, however, have been studied experimentally (Paktunc and 
Jambor 2003; Savage et al. 2005; Karimian et al. 2017). This work has consistently shown that 
AsO43- occupies tetrahedral SO42- sites within the jarosite structure. X-ray diffraction and XANES 
analysis have shown that at least 9.9 wt. % AsO43- (1.6 wt. % As) can be structurally incorporated 
into synthetic jarosite (Paktunc and Dutrizac 2003), with others demonstrating that up to 30% 
replacement of SO42- by AsO43- can occur (Savage et al. 2005; Paktunc et al. 2003; Kendall et al. 
2013). The limiting factors are proposed to be charge imbalances between sulfate and arsenate, and 
deficiencies of Fe in octahedral sites (Savage et al., 2005). EXAFS data modelling suggests As-O 
interatomic distances of 1.68 Å and coordination numbers of 4.6+/- 1.7 to 5.4+/-1.7, confirming the 
tetrahedral arrangement of O atoms around central As atoms (Paktunc and Dutrizac, 2003). 
Incorporation of arsenate for sulfate causes little change in the a-axis, but lengthening of the c-
axisup to 0.174 Å (Paktunc and Dutrizac 2003; Savage et al. 2005). Jarosite morphology also 
becomes more anhedral with increasing incorporation of As (Savage et al. 2005).  
 Co-incorporation of Pb2+ results in a larger proportion of As5+ being incorporated in the 
jarosite structure (33% of the tetrahedral sites) compared to when Pb2+ is not incorporated (21%; 
Aguilar-Carrillo et al. 2018). This was proposed to be due to changes in unit cell dimensions to 
balance the distortion caused by the substitution of arsenate for sulfate in jarosite. The 
concentrations of As and Pb in the initial experimental solutions limited As and Pb incorporation. 
At As/Pb < 1, Pb-As jarosites (beudantite analogues) formed, but at As/Pb > 1, anglesite and poorly 
crystalline ferric arsenate phases formed along with the As-Pb jarosite. 
 Pure synthetic natrojarosites have been shown to have very low amounts of arsenate for 
sulfate substitution (1.5 wt. %; Dutrizac and Jambor 1987). By contrast, synthetic 
ammoniumjarosite has been shown to take up to 4.1 wt. % arsenate at a pH of 1.2-1.8 (Flores et al. 
2016). The mineral, with a formula of (NH4)Fe2.45[(SO4)1.80(AsO4)0.20][(OH)4.15(H20)1.85], was 
shown to remain in residual solids above 700 C. 
Using extended X-ray absorption fine structure (EXAFS) analysis, Gräfe et al. (2008) 
showed that As5+ sorbed to the jarosite surface by forming bidentate-binuclear surface complexes, 
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as it did with goethite. The edge-sharing coordination number was larger for jarosite than for 
goethite (0.9 Fe atoms at 2.87 Å and 0.3 Fe neighbours at 2.87 Å, respectively). By contrast, the 
radial distance to the next nearest Fe atom was lower in jarosite (3.22 Å) than in goethite (3.28 Å). 
These results were attributed to the replacement of SO4 tetrahedra by AsO4 tetrahedra. In the 
presence of Cu2+, As5+ was shown to be coordinated by multiple Cu atoms over multiple radial 
distances, which was modelled to be due to the formation of a euchroite-like 
[Cu2(AsO4)(OH)·3H2O] complex on the jarosite surface.  
Several studies have considered the role of microbes in the formation of arsenical jarosite. 
Egal et al. (2009), for example, demonstrated that As-bearing jarosite formed in both biotic and 
abiotic experiments, suggesting that bacterial iron oxidation was not involved in the process. 
However, aging and of As-rich schwertmannite produced by microbial oxidation of Fe2+ in sulfate 
solutions yielded As-bearing jarosite at lower pH values, and this might be considered to be 
indirectly biotically-formed. The jarosite does not take up the As3+ released by the schwertmannite.  
 
Beudantite minerals 
Most of the research on arsenic incorporation in beudantite group minerals (Table 1) has 
been done on beudantite itself. Beudantite has been shown to host significant amounts (3-8.5 wt. %) 
of As in supergene zones (Szymanski, 1988), oxidized massive sulfides and related mine wastes 
(Foster et al. 1998; Roca et al. 1999; Nieto et al. 2003; Roussel et al. 2000; Gieré et al., 2003; 
Courtin-Nomade et al. 2016) and metallurgical products (Bigham and Nordstrom 2000). Thus, it 
has been suggested to immobilize these elements and limit their uptake by plants (e.g., Zheng et al. 
2003). In high-sulfide waste at the Berikul Au mine, Kemerovo region, Russia, for example, 
jarosite-beudantite solid solution minerals have been reported to contain up to 8.5 wt. % As (Gieré 
et al. 2003). A beudantite from the Tsumeb deposit, Namibia (Natural History Museum collection, 
London, UK, number BM.1987), containing between 3.4 and 6.4 wt. % As, exhibits zoning in As 
and S, with molar proportions of these elements exactly mirroring each other (r=-1.0; Fig. 2).  
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FIGURE 2. Electron microprobe X-ray chemical maps showing zoning of As and S. Black arrow 
indicates position of line scan of analytical points, for which data are shown in the X-Y plot. Data 
from K. Hudson-Edwards for sample number BM.1987 from the collections of the Natural History 
Museum, London, UK. The sample was collected from the 36th level, west 12, of the Tsumeb mine, 
Grootfontein, Nambia. 
 
Other beudantite-group minerals have also been shown to contain significant amounts of As. 
A sample of hidalgoite from the Tsumeb mine, Namibia, was shown to contain between 7.4 and 
10.0 wt. % As (Cooper and Hawthorne 2012). Arsenic-rich kemmlitzite with a T-site formula of 
[(AsO4)0.98(PO4)0.42(SO4)0.39(SiO4)0.18] has also been analysed (Jambor 1999). Similarly high 
amounts of As were found in gallobeudantite from Tsumeb, Namibia, with a formula of 
Pb1.04(Ga1.39Fe0.82Al0.62Zn0.10)3.03[(AsO4)1.14)(SO4)0.86]2.00(OH)5.94 (Jambor et al. 1996).  
Symanski (1988) showed that the T-site in beudantite, which was filled by arsenate and 
sulfate, was disordered, and suggested this was due to that the excess negative charge in arsenate 
compared to sulfate. He further proposed that this disorder was balanced by substitution of 
hydronium for Pb or by protonation of hydroxyl groups to water.  
Forray et al. (2014) derived thermochemical data (Hf = -3691.2 ± 8.6 kJ/mol; Gf = -
3164.78 ± 9.1 kJ/mol) and a log Ksp value of -13.94 ± 13.94 for the Pb-As jarosite synthesized by 
Smith et al. (2006). The Pb-As-jarosite had a structure matching that of beudantite (XRD file PDF 
19-0689), and composition of (H3O)0.68Pb0.32Fe2.86(SO4)1.69(AsO4)0.31(OH)5.59(H2O)0.41; thus, it did 
not contain enough Pb or As to be considered true beudantite) The data were used to show that the 
formation of Pb-As jarosite can decrease aqueous As and Pb concentrations to meet WHO drinking 
water standards of 10 µg/L (WHO, 1996, 1998; Fig. 3). 
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FIGURE 3. Stability of Pb–As jarosite as function of pH and lead activity. Point (a) shows the 
stability boundary for Pb-As jarosite at a(Fe3+) = 322  10-3 mol/L, a(As5+) = 1.33  10-7 mol/L and 
a(SO42-) = 1.56  10-2 mol/L. Point (b) shows the stability boundary for Pb-As jarosite at very low 
Fe, SO4 and As activity (10 µg/L each). Reprinted (adapted) from Geochimica et Cosmochimica 
Acta, 127, Forray et al., Synthesis, characterization and thermochemistry of Pb-As-, Pb-Cu- and Pb-
Zn-jarosite compounds, 107-119, Copyright (2014), with permission from Elsevier.  
 
 
RELEASE OF ARSENIC FROM ALUNITE-JAROSITE AND BEUDANTITE GROUP 
MINERALS 
Alunite minerals 
The suitability of alunite, natroalunite and hydronium alunite as short- and long-term stable stores 
of arsenic has been explored by Viñals et al. (2010), Sunyer and Viñals (2011a, b), Sunyer et al. 
(2013) and Luo et al. (2015). Sunyer et al. (2013) and Sunyer and Viñals (2011b) showed that after 
24 h, arsenical alunite and natroalunite, respectively, released only 0.01-0.05 mg/L As between pH 
5 and 8. (Fig. 4). Within 2.5 weeks, arsenical alunite dissolved to release 0.3 mg/L As between pH 4 
and 5 (Sunyer et al. 2013). Longer-term stability tests carried out over 6 months by Viñals et al. 
(2010) showed that natroalunite only released 0.01 mg/L As between pH 4 and 5. These As releases 
are similar to, or lower than those of natural scorodite (FeAsO4.2H2O; 0.4 mg/L As) and synthetic 
scorodite (1.3 mg/L As) (Sunyer and Viñals 2011b). Thus, both arsenical alunite and especially, 
natroalunite, could be considered as good long-term stores of As-bearing wastes with large SO42-
/AsO43- ratios.  
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FIGURE 4. Dissolved As (mg/L) as a function of pH for alunite and natroalunite 24 h dissolution 
experiments. Reprinted (adapted) from Arsenic immobilization as alunite-type phases: The arsenate 
substitution in alunite and hydronium alunite. Journal of Hazardous Materials, 261, Sunyer et al., 
559-569 Copyright (2013) with permission from Elsevier, and Arsenate substitution in natroalunite: 
A potential medium for arsenic immobilization. Part 2: Cell parameters and stability tests. 
Hydrometallurgy 109, Sunyer and Viñals, J., 106-115, Copyright (2011) with permission from 
Elsevier. 
 
The dissolution of arsenical natroalunite has been shown to be congruent at pH 3 and pH 12, 
and incongruent at pH between 4 and 11 (Sunyer and Viñals 2011b). The mechanism proposed for 
the incongruent dissolution involves the formation of secondary Al hydroxides, as follows: 
NaAl3(SO4)2-x(OH)6-x(s) + (3+x)H2O(l)  Na+(aq) + (2-x)SO42-(aq) + xAsO43-(aq) + 3Al(OH)3(s) + 
(3+x)H+(aq) 
 
Jarosite minerals 
 Kendall et al. (2013) investigated the dissolution of arsenojaroites in pH 2 and 8 solutions 
and in ultrapure water. Unlike jarosite, the dissolution of arsenojarosite was not pH-dependent. This 
was proposed to be due to the presence of surface arsenate-iron complexes that prevented 
protonation at low pH and hydroxyls at high pH. Arseniojarosite dissolution was incongruent, with 
maghemite, goethite and hematite forming in ultra-pure water experiments, and ferrihydrite in pH 8 
Tris-buffered experiments. Short-term dissolution rates were observed to increase with increasing 
incorporation of arsenate. These rates were attributed to polarization of bonds within the jarosite 
structure due to substitution of arsenate, which is larger and higher charged than sulfate. This 
process would make these bonds more susceptible to dissolution. Preferential leaching of K+ and 
SO42- compared to Fe3+ (cf., Smith et al. 2006) causes enrichment of arsenate-iron complex sites on 
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the surface. Dissolution is then inhibited due to the fact that arsenate-iron complexes are more 
strongly bonded than sulfate-iron complexes within the structure. 
 The alkaline decomposition of As-bearing jarosite minerals results in the formation of 
secondary Fe hydroxides that take up the released As. For example, Patiño et al. (2013) showed that 
the reaction of a synthetic sodium arsenojarosite (Na0.87(H3O)0.13]Fe2.50[(SO4)1.95(AsO4)0.05] 
[(OH)4.45(H2O)1.55]) with CaOH and NaOH at pH 12.33-12.87 caused an Fe(OH)3 with adsorbed 
AsO4 coating to form on the original reactant. The decomposition of arsenic-bearing 
ammoniumjarosite using NaOH at pH 12.90 and 30C also resulted in the formation of a secondary 
Fe arsenate with a composition of 2.45 Fe(OH)3∙0.20 AsO43- (Flores et al., 2016).  
 
 
FIGURE 5. Schematic diagram showing results of reductive dissolution of As- and Sb-bearing 
jarosite by Fe2+ at pH 4, 5.5 and 7. See text for discussion. (a) Reprinted (adapted) from Antimony 
and arsenic partitioning during Fe2+-induced transformation of jarosite under acidic conditions 
Chemosphere, 195, Karimian et al., 515-523, Copyright (2018) with permission from Elsevier. (b) 
Adapted with permission from Karimian et al. (2017). Copyright 2017 American Chemical Society.  
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Karimian et al. (2017) determined the mechanisms and magnitude of As release during the 
reductive dissolution of jarosite by Fe2+ at pH 4.0, 5.5 and 7. At pH 4, the jarosite did not change or 
release As5+ (Fig. 5). At pH 5.5, the jarosite transformed first to green rust (after 60 min) and then 
to goethite (after 24th), and the As released was taken up on the jarosite surface mostly by labile (c. 
10%) and poorly crystalline Fe3+-associated phases (10-30 %). At pH 7, the jarosite transformed 
rapidly (<10 min) to green rust and then to goethite at high Fe2+ concentrations (10 and 20 mM), 
and to lepidocrocite (< 60 min) at low Fe2+ concentrations (1 and 5 mM) (Fig. 5). Some of the 
original As5+ in the jarosite was reduced to As3+ in the high Fe2+ experiments but not in the low Fe2+ 
experiments. As in the pH 5.5 experiments, the low concentrations of As(aq) suggested that the As 
released during dissolution was taken up by the secondary Fe3+ phases either by surface sorption or 
incorporation in structural defects.  
 Sulfide-promoted reductive dissolution of As5+-bearing jarosite resulted in its replacement 
by mackinawite and mobilization of the As (Johnson et al., 2012). Increasing S2-:Fe ratios and 
decreasing pH resulted in increased As mobility, except at high S2-:Fe and pH 4.0 when an 
orpiment-like phase (detected using transmission electron microscopy, TEM) formed. EXAFS 
analysis was used to show the transition from O-coordinated As5+ to S-co-ordinated As- in the 
orpiment phase.   
T 
Beudantite minerals 
Batch dissolution experiments using a synthetic Pb-As-jarosite (beudantite analogue, see 
above) were conducted at 20 °C and pH 2 and 8, to mimic environments affected by acid rock/acid 
mine drainage, and those remediated with slaked lime (Ca(OH)2), respectively (Smith et al. 2006). 
The dissolutions were both incongruent. Dissolution at pH 2 yielded poorly crystalline solid PbSO4 
(Fig. 6) and aqueous Fe, SO42- and AsO43-. Dissolution at pH 8, by contrast, produced Fe(OH)3 that 
resorbed aqueous AsO43- and solid PbSO4. 
These results were explained by the preferential dissolution of the A- and T-sites, containing Pb and 
SO42- - AsO43-, respectively, relative to the sterically remote and Fe octahedra within the T-O-T Pb-
As-jarosite structure. By contrast, Roca et al. (1999) suggested that the alkaline decomposition of 
beudantite in Ca(OH)2 was very slow between 80 and 100 C. They proposed a slightly different 
mechanism for beudantite decomposition than Smith et al. (2006), involving the reacton of the 
beudantite with OH- and water, and production of Fe(OH)3, Pb(OH)2, an As2O5 gel and sulfate ions. 
Few studies have investigated the role of microbial processes on As- or Sb- bearing alunite-
group minerals. One example is that of Smeaton et al. (2012), who used the Pb-As-jarosite phase 
synthesized by Smith et al. (2006) to conduct reductive dissolution experiments using Shewanella 
putrefaciens at circumneutral pH. The experiments resulted in immediate Fe3+ reduction and As5+  
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reduction within 72 h. After 336 h, 20.2% and 3.0% of the total As occurred as solid and aqueous 
As3+. At this time, secondary Fe-O precipitates containing minor As and Pb formed, leaving c. 0.05 
mM As3+ and 2 mM As5+ in solution. Based on these results, the authors suggested that Pb-As-
jarosite would not be a good candidate for long-term As storage under reductive conditions. The 
reduction of Fe3+ was proposed to be thermodynamically driven, while that of aqueous As5+ was 
proposed to be due to microbial detoxification.  
 
 (a) (b)  
FIGURE 6. Scanning electron microscope (SEM) image of residual solids from the pH 2 
dissolution of Pb-As-jarosite, showing (a) extensive pitting of the surface and (b) poorly crystalline 
secondary PbSO4 on the mineral surface. Reprinted (adapted) from Chemical Geology, 229, Smith 
et al., Dissolution of lead- and lead-arsenic jarosites at pH 2 and 8: insights from batch experiments, 
344-361, Copyright (2006), with permission from Elsevier.  
 
 
UPTAKE AND RELEASE OF ANTIMONY IN JAROSITE GROUP MINERALS 
The mechanisms and magnitudes of incorporation and release of Sb from alunite, jarosite or 
beudantite family minerals have received much less attention than those of As. The few studies 
available have focused on the uptake of Sb in, and release of Sb from, jarosite; none, to the author’s 
knowledge, have determined whether alunite or beudantite minerals can take up and release Sb.   
 Jamieson et al. (2005) reported minor uptake of Sb in jarosite (176 ± 159 ppm, n= 18) 
forming from waste waters of the Richmond Mine, Iron Mountain, California. By contrast, Courtin-
Nomade et al. (2012) found very high concentrations of Sb (59000 ± 21000 ppm) in secondary 
cryptocrystalline jarosite in historic mill tailings from the French Massif Central. They attributed 
this to substitution of Sb5+ for Fe3+ in the jarosite structure, analogous to that occurring in dussertite 
(Ba(FeSb)3(AsO4)(OH,H2O)6; Kolitsch et al. 1999). Karimian et al. (2017) synthesized an Fe-
deficient jarosite (K:Fe:S = 1:2.5:1.9, compared to 1:3:2 for ideal jarosite) that incorporated 1.43 
ppm Sb5+. They also proposed that Sb5+ substituted for Fe3+ in the jarosite structure due to similar 
ionic sizes (Sb5+, 0.60 Å; Fe3+ 0.65 Å) and similar bond lengths in the SbVO6 and FeIIIO6 octahedra 
(Sb-O, 1.91 Å; Fe-O, 1.97-2 Å; Mitsunobu et al. 2013). Such Sb5+ substitution for Fe3+ has been 
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observed for other Fe3+ oxides such as ferrihydrite and goethite (Leuz et al. 2006; Mitsunobu et al. 
2010). Courtin-Nomade et al. (2012) reported low concentrations of Sb in streams draining the mine 
waste dumps, and suggested that this was due to the insolubility of this jarosite under the prevailing 
conditions (circum-neutral pH) or to the formation of secondary Sb-bearing products from the 
dissolution of the Sb-bearing jarosite.  
The reductive dissolution of Sb5+-bearing jarosite by Fe2+ under acidic pH (4.0 and 5.5) and 
neutral pH (7) conditions has been examined (Karimian et al. 2018). No transformation of the 
jarosite, nor release of Sb5+ was observed at pH 4.0 (Fig. 5). This was attributed to the surface of 
jarosite being positively charged at pH 4.0, thus decreasing the possibility of Fe2+ to sorb, and 
hindering electron transfer and dissolution. In contrast, at pH 5.5, the jarosite transformed to 
metastable green rust sulfate within c. 60 min. and then to goethite within 24 h (Fig. 5). The pH 
used in these experiments was very close to point of zero charge (5.6; Xu et al., 2013), and therefore 
the jarosite surface is near-neutrally charged, allowing greater interaction of Fe2+ with the surface 
and formation of the green rust sulfate and goethite. In these experiments, almost all of the released 
Sb5+ was structurally incorporated within these secondary phases. At pH 7, the Sb was rapidly 
mobilized into the aqueous phase as Sb5+, but 75% of this Sb5+ was structurally incorporated into 
secondary lepidocrocite (at Fe2+ = 1 mM), green rust and goethite (at Fe2+ = 20 mM) (Fig. 5).  
 
IMPLICATIONS 
  The incorporation of As in alunite, jarosite and beudantite group minerals (by replacement 
of SO42- by AsO43- in the T-site of the mineral structure), and of Sb in jarosite group minerals (by 
replacement of Fe3+ by Sb5+ in the B-site; Fig. 1) has important implications for storage of these 
metalloid contaminants in acidic environments. Since incorporation of Pb2+ in the jarosite structure 
has been shown to cause a higher degree of As take up than with no Pb2+ (Aguilar-Carrillo et al. 
2018), further research should be carried out to evaluate the effectiveness of this and other ions for 
incorporation of greater amounts of As and Sb in alunite, jarosite and beudantite group minerals. 
Overall, there is a paucity of information on the uptake of Sb in these minerals, despite the fact that 
it has been shown to be incorporated in jarosite, and that As and Sb are often co-located in 
contaminated environments (e.g., Craw et al. 2004). This research gap needs to be filled, as does 
further work on the longer term (>1 year) stability, and abiotic and, especially, microbial 
dissolution, of As- and Sb-bearing alunite, jarosite and beudantite group minerals. 
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